That pigs may play a pivotal role in the emergence of pandemic influenza was indicated by the recent H1N1/2009 human pandemic, likely caused by a reassortant between viruses of the American triple-reassortant (TR) and Eurasian avian-like (EA) swine influenza lineages. As China has the largest human and pig populations in the world and is the only place where both TR and EA viruses have been reported to cocirculate, it is potentially the source of the H1N1/2009 pandemic virus. To examine this, the genome sequences of 405 swine influenza viruses from China were analyzed. Thirty-six TR and EA reassortant viruses were identified before and after the occurrence of the pandemic. Several of these TR-EA reassortant viruses had genotypes with most segments having the same lineage origin as the segments of the H1N1/2009 pandemic virus. However, these viruses were generated from independent reassortment events throughout our survey period and were not associated with the current pandemic. One TR-EA reassortant, which is least similar to the pandemic virus, has persisted since 2007, while all the other variants appear to be transient. Despite frequent reassortment events between TR and EA lineage viruses in China, evidence for the genesis of the 2009 pandemic virus in pigs in this region is still absent.
Human pandemic influenza strains of the last century appear to have been generated by reassortment between previously circulating human and avian viruses (9, 12) . Domestic pigs are often considered intermediate hosts that have facilitated these reassortment events, given that most pandemic or genetically related viruses have become established in swine (12) . For example, classical H1N1 swine influenza (CS) and H3N2 human origin viruses have been prevalent in the swine population since soon after their emergence (11) .
The only successful introduction of a wholly avian H1N1 influenza virus into mammals occurred in pigs, establishing the H1N1 "Eurasian avian-like" (EA) swine influenza lineage, which prevails across Europe and Asia (2). Triple-reassortant (TR) H3N2 and H1N2 swine viruses, which combine avian origin PB2 and PA genes with CS and human origin genes, provide further evidence that pigs act as "mixing vessels" to facilitate reassortment events (26) . Indeed, pigs may be the only host in which both human and avian influenza viruses can persist (17) . Thus, in pigs, avian viruses or their genes can become mammalian adapted, and reassortment of viruses of different origins will be facilitated.
The recent human H1N1/2009 pandemic (pdm/09) virus, which emerged in Mexico and the United States in April 2009 and subsequently spread throughout the world, was caused by a reassortant virus that had its NA and M segments derived from the EA lineage while its remaining segments were derived from the TR lineage (6, 19) . This is the first clear evidence that reassortment involving only swine viruses could facilitate the emergence of a human pandemic virus and that avian-origin genes, after becoming "mammalian adapted" in pigs, could pass on to humans and be transmitted readily from human to human. In North America, H3N2 and H1N2 TR viruses have been maintained in pigs for the last decade. However, EA viruses are prevalent in Eurasia and have never been reported from North America.
Southern China is the only region where both TR and EA viruses have been reported to cocirculate (19, 25) , creating an apparently ideal opportunity for reassortment events like that which led to the emergence of the pdm/09 virus. Consequently, the precursor of the pdm/09 virus could have been generated in southern China (19) and spread unnoticed to North America before the outbreak in humans. Molecular-clock dating has suggested there is a 9-to 17-year window of uncertainty in the time of origin of the virus, and no samples of precursor pdm/ 09-related viruses are available from this time (19) . However, the lack of systematic influenza surveillance in pigs in many regions creates additional uncertainty as to the origin of the pdm/09 virus.
Surveillance of swine influenza will help in understanding the genesis of the H1N1/2009 pandemic. Recently, hundreds of swine influenza viruses isolated in Hong Kong were sequenced and analyzed. The findings revealed extensive reassortment among CS, TR, and EA viruses (19, 21, 22) . Some H1N1 TR-EA (Sw/HK/72/2007-like) reassortants have persisted since 2007, establishing a genetic lineage in the pig population of this region (19, 21, 22) . However, the key events in the reassortment between the TR and EA virus lineages that could have led to the genesis of the pdm/09 virus have not yet been defined.
In this study, we infer the evolutionary history of swine influenza viruses sampled in Hong Kong from 1998 to 2010 and in Guangdong from 2009 to 2010, together with other complete influenza A genome sequences taken from GenBank. All TR-EA reassortant viruses generated in China were identified, and their evolutionary pathways and reassortment patterns were analyzed in detail. These TR-EA reassortant viruses, which include two groups of highly similar viruses, were generated from independent reassortment events and had different evolutionary pathways. Except for the Sw/HK/72/07 sublineage, none of the viruses could be isolated from more than one sampling occasion, and they are likely transient. Although TR-EA reassortment events occurred in the swine population in China before and after the pandemic, direct precursors of the pdm/09 virus were not recognized.
MATERIALS AND METHODS
Virus isolation and sequencing. Swine influenza surveillance has been conducted since May 1998 in Hong Kong and since December 2009 in Guangdong. Tracheal or nasal swabs were collected fortnightly and weekly from slaughtered swine. Swab materials were inoculated into 9-to 10-day-old embryonated chicken eggs and Madin-Darby canine kidney (MDCK) cells. Virus isolates were identified and subtyped as previously described (13) . The genomes of four isolates from Guangdong and one from Hong Kong were sequenced and verified following previously described procedures (14, 19, 21) .
Sequence preparation and alignment. The nucleotide sequences of all influenza A viruses with complete genomes were downloaded from GenBank (1) in November 2010. They were aligned, together with the sequences of the influenza virus strains isolated in this study and from earlier surveys (22, 27) using MUSCLE v3.5 (5). Sequences with Ͼ10 ambiguous nucleotides were excluded from the alignment, and columns were removed from the alignment if gaps occurred in Ͼ90% of the sequences. Manual editing and refinement of alignments was done in MEGA4 (20) . Sequences of selected avian, human, and equine influenza viruses were combined with the complete genome data of all swine influenza viruses (see Table S1 in the supplemental material), resulting in data sets of eight gene segments that comprise a total of 20,168 sequences.
Phylogenetic analyses. Maximum-likelihood (ML) phylogenies were inferred for each of the eight genome segments, using a heuristic tree search algorithm implemented in PhyML v2.4.5 (8) . The GTR ϩ I ϩ ⌫ 4 (general time-reversible model with invariant sites and 4 ⌫ distributed heterogeneous substitution rates) nucleotide substitution model was used in all cases. One thousand pseudoreplicates were generated for bootstrapping analyses using the same ML method in PhyML. The robustness of the ML topology was further evaluated with the topologies sampled by the Bayesian Monte Carlo Markov chain (BMCMC) method as implemented in MrBayes v3.2 (16) using a chain length of 5 ϫ 10 6 steps, with sampling every 1,000 steps.
Genotype classification. Individual host-specific lineages were identified from the phylogenies. Establishment of human-and swine-specific lineages in the phylogenies of different genome segments indicate their introduction from either the avian reservoir or established mammalian virus populations and has been reported previously (2, 11, 24, 26) . Sublineages were defined as monophyletic lineages with Ͼ70% bootstrap support and Ͼ0.9 posterior probability. A small number of sublineages in some gene phylogenies (especially those of shorter genes) have lower support. However, they remain the best groupings identified from the ML estimates, as well as the bootstrap and Bayesian analyses.
Molecular-clock dating of reassortment events. The time and order of reassortment events giving rise to a particular genotype were inferred from the time of divergence (tDIV) of the reassorted gene segments within their windows of uncertainty (10) . tDIV was estimated using a uncorrelated log-normal relaxed molecular clock (3) in a BMCMC joint estimation framework as implemented in BEAST v1.6.1 (4) . A Bayesian skyline demographic model and the GTR ϩ I ϩ ⌫ 4 nucleotide substitution model with codon partitioning (18) were used. A chain length of 10 8 steps, sampled every 10,000 steps, was used. The convergence of the tDIV estimates was assessed using Tracer v1.4.1 (15) .
Nucleotide sequence accession numbers. The nucleotide sequences obtained in the present study are available from GenBank under accession numbers JN375282 to JN375321.
RESULTS
Virus data set. All complete influenza A genome sequences from our surveillance of pigs in Hong Kong (1998 onward) and in southern China (2009 onward) (19, 21, 22, 27 , and this work), were combined with all complete influenza A genome sequences from GenBank and subjected to phylogenetic analysis.
Genotype identification. Swine influenza genotypes were characterized by the lineage of origin of each of their gene segments based on phylogenetic analyses ( Fig. 1 and 2 ; see Fig.  S1 to S3 in the supplemental material) (see Materials and Methods). A total of 36 viruses with genotypes comprised of TR and EA lineage segments were isolated in China (Table 1) . They formed eight distinct genotype patterns, five of which had a majority of TR origin segments. Only two of these genotypes were represented by more than one virus. Four closely related viruses (Sw/GD/2693/2010-like; isolated on one sampling occasion) and two other distinct viruses (HK78/03 and HK915/ 04) had seven TR origin segments and an EA origin M segment. Twenty-four viruses similar to Sw/HK/72/2007 with seven EA origin segments and a TR origin NS segment were isolated on nine occasions. Four of the genotype patterns (nine viruses) had at least five internal gene segments that were from the same lineage as those of the pdm/09 virus. To trace the phylogenetic relationships of the gene segments in these TR-EA reassortants, the sublineage structure of swine influenza viruses from southern China was analyzed. Phylogenies of different swine influenza virus lineages from southern China. Major groupings of North American and Eurasian avian, human, and CS influenza viruses were identified as basal lineages throughout the phylogenetic trees, with generally strong bootstrap support ( Fig. 1 and 2 ; see Fig. S1 to S3 in the supplemental material). Distinct groups of the more recently emerged swine influenza lineages, EA and TR, could also be distinguished, as previously observed (2, 11, 24, 26). All major swine influenza lineages, CS, EA, and TR, were cocirculating in the pigs in southern China during our survey period.
Three major sublineages of Chinese swine viruses (HK103/ 93-like, HK86/79-like, and HK25/77-like) were identified in the CS lineage (see Fig. S1 to S3 in the supplemental material). It is possible there were multiple introductions of CS viruses into China, because these sublineages are intercalated with North American CS isolates in polytomic nodes in some gene phylogenies (see Fig. S1 to S3 in the supplemental material). Diversity in the HK103/93-like sublineage might have been caused by local evolution since the initial introduction of the parent virus around 1993 (22) .
In the EA lineage, two monophyletic groups of swine isolates from Hong Kong and China represent regional viral circulation from 1999 to 2002 (HK5200/99-like; first isolate, Sw/ HK/5200/99) and 2001 to 2010 (HK8512/01-like; first isolate, Sw/HK/8512/01) ( Fig. 1 and 2 ; see Fig. S1 to S3 in the supplemental material). These sublineages indicate two separate introductions from Europe, with the second subsequently replacing the first. The HK5200/99-like sublineage was derived from an H3N2 reassortant variant (surface genes from human H3N2 virus and internal genes from an EA H1N1 virus) (Fig. 1) . The HK8512/01-like sublineage evolved from a purely EA virus. Through further reassortment with TR viruses, a subgroup of viruses with TR NS segments emerged in 2007 (the HK72/07-like subgroup; first isolate, Sw/HK/72/07). The HK72/07-like subgroup became the first established group of TR-EA reassortant viruses detected in the pigs in southern China.
All TR viruses isolated in Hong Kong and Guangdong form a single monophyletic sublineage (HK623/02-like; first isolate, Sw/HK/NS623/02), except for one isolate that was a TR-EA reassortant, Sw/HK/78/03.
Evolutionary pathways of TR-EA reassortant viruses.
Detailed evolutionary pathways of the nine TR-EA reassortants (six distinct virus groups of four genotypes) that had at least five internal genes of similar lineage origin to the pdm/09 virus are shown in Fig. 3 . Two of these viruses (HK78/03 and HK915/04) were isolated in Hong Kong before the 2009 pandemic outbreak (19) . The M segments of both viruses were from the HK5200/99-like sublineage, while the PB1 segment of HK78/03 was derived from a contemporary human H3N2 influenza virus (closest to A/New York/336/99). All remaining segments were of TR origin, but those of HK915/04 belonged to the HK623/02-like sublineage while those of HK78/03 were more similar to TR viruses from North America and diverged close to the most recent common ancestor of all TR viruses (see Fig. S1 to S3 in the supplemental material).
The remaining seven viruses were isolated after the 2009 pandemic outbreak. Four of these viruses are very closely related to each other (GD2693/10-like). The other three viruses-GD1/10, HK2237/10, and HK201/10-were isolated separately. All TR origin segments of these viruses originate from the HK623/02-like sublineage, with the NS segment of the GD1/10 and GD2693/10-like viruses coming from the HK72/07-like subgroup of this sublineage. The EA origin segments of these viruses were mostly from the HK72/07-like subgroup of the HK8512/01-like sublineage. The M segment of HK2237/10 was from the larger HK8512/01-like sublineage, as was the hemagglutinin (HA) segment of HK201/10. The NA segment of HK201/10 was from the pdm/09 lineage. None of these virus groups clustered together in the phylogenies of all eight segments, indicating they were generated by individual reassortment events.
All remaining TR-EA reassortant viruses identified here (HLJ10/07, HK1479/09, LN32/06, and the HK72/07-like viruses) have fewer internal gene segments of common lineage origin with the pdm/09 virus. Apart from HLJ10/07, which has only PA and NP segments of EA origin, the majority of the segments of these viruses are of EA origin. All of the EA origin segments in these viruses are from the HK8512/01-like sublineage. LN32/06 has only the M segment of TR origin, and HK72/07-like viruses have only the NS segment of TR origin. HK1479/09 is a reassortant with the HA segment from the CS lineage and the NA and NS segments from the TR lineage. All other segments are from the EA lineage. The TR origin segments of HLJ10/07 and LN32/06 were derived from North American lineages, but those of HK1479/09 were from the HK623/02-like sublineage. Time of emergence of TR-EA reassortant viruses. The tDIV from the parent viruses was estimated for each of the segments of the pdm/09 virus and the nine TR-EA reassortants with at least five internal genes of similar lineage origin (Fig. 3) . HK78/03 and the pdm/09 viruses appear to have been generated at approximately the same time, i.e., 1997 to 2001, whereas HK915/04, HK2237/10, GD2693/10-like, GD1/10, and HK201/10 formed subsequently. In HK201/10, the tDIV estimate of its pdm/09 origin NA segment was more recent than those of its TR and EA origin segments, suggesting a TR-EA reassortant precursor of HK201/10 was generated prior to the introduction of the pdm/09 gene segment. The TR origin genes of the pdm/09 and HK78/03 viruses are located outside the HK623/02-like TR sublineage, which was established after their estimated divergence times (1997 to 2001). In the other reassortant viruses, the TR origin segments are from the HK623/02-like sublineage.
Both early TR-EA reassortant viruses, HK78/03 and HK915/04, were estimated to have acquired their EA origin M segments from the HK5200/99-like viruses around 2000 to 2001 ( Fig. 1 and 3) , when the HK5200/99-like sublineage predominated in southern China. EA origin segments of the other viruses were acquired from the HK8512/01-like and HK72/07-like viruses, which have essentially replaced the HK5200/99-like sublineage.
DISCUSSION
Previous phylogenetic analyses revealed that the 2009 pandemic H1N1 (pdm/09) virus was a reassortant with two or three parents. It is generally accepted that all these parents belong to either the TR H1N2 swine influenza virus lineage originally present in pigs in North America or the EA H1N1 swine virus lineage circulating in pigs in European countries (6, 7, 19) . However, cocirculation of both parent virus lineages in pigs, which could facilitate the reassortment events leading to the genesis and emergence of this TR-EA pandemic virus, is only known, from accessible epidemiological data, to have occurred in China since 2001.
In this study, all TR-EA reassortant viruses isolated in pigs in this region during the last decade were characterized, and their genotypes and evolutionary patterns were identified. TR-EA reassortants have been repeatedly isolated in China since 2003 and were also found on recent sampling occasions after the occurrence of the 2009 influenza pandemic (Table 1) . However, these TR-EA reassortant viruses arose from independent reassortment events. The reassortants detected before the pandemic outbreak, HK915/04 and HK78/03, have not been isolated again in southern China, suggesting they were transient infections. Their initial transmissions might have been confined to a small swine population unable to sustain sufficient reinfections for effective adaptation to the host to occur.
Viruses with genotypes identical to that of the pdm/09 virus, in terms of the lineage origin of the segments, were not found in this region. Of the eight TR-EA reassortant genotypes detected in pigs in China, none had a TR origin H1 HA gene combined with an EA origin N1 NA gene (Table 1) . Except for the pdm/09 virus itself, the TR-like H1 may not be naturally compatible with an EA-like N1. Incomplete compatibility of the surface genes might also be the reason why the reassortants identified here, apart from HK72/07-like viruses, could not become established in pigs. The TR-like NS gene was found in seven of the eight reassortant genotypes identified here. In reassortment with an EA virus, this segment contributed to the only persistent TR-EA genotype observed in pigs (HK72/07-like viruses) ( Table 1) .
Repeated emergence of TR-EA reassortant viruses over the last decade in China appears consistent with the proposal that the pdm/09 virus might have arisen in southern China and spread unnoticed to Mexico and the United States. However, the failure of any of these reassortants, except the mainly EA origin HK72/ 07-like viruses, to persist in pigs suggests that they may lack the characteristics of a pandemic virus or that the combinations of segments are insufficiently compatible to produce a stable virus.
All major swine influenza virus lineages were cocirculating in pigs in southern China, and reassortment between different virus lineages is not a rare event. However, our analyses revealed that none of the gene segments of pdm/09 virus, except the M segment, fall into the sublineages of the EA and TR viruses established in southern China. The pdm/09 M segment is either within or a neighbor of the HK5200/99 sublineage, which also contributed the M segment to the early TR-EA reassortants (HK78/03 and HK915/04). Most of the pdm/09 gene segments diverge from the clusters of North American TR and European EA isolates. Therefore, the probability of the pdm/09 virus having arisen in China is very low. As our knowledge of how to identify the pandemic potential of an influenza virus is incomplete, it is still unknown why the TR-EA reassortants identified here, despite having genotype origins related to the pdm/09 virus, failed to cause a pandemic outbreak.
